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DESIGN OF BAND FILTERS WITH NON-EQUIRIPPLE AMPLITUDE-FREQUENCY RESPONSES

Abstract.

Introduction. The calculation of band filter elements by converting low-pass filter (LPF) parameters forms the basis
for prototype band filter design. However, the conversion causes problems in cases when the calculated values of cir-
cuit elements (resistors and capacitors) do not conform to standard values determined by the GOST standard. Obvi-
ously, frequency characteristics of band- filters are distorted when replacing the calculated values of circuit elements
by the standard values. To solve this problem, the number of circuit elements with values diverting from the standard
can be reduced to zero by solving an additional system of equations that connects parameters of designed and newly-
introduced non-equiripple amplitude-frequency responses (AFR).

Objective. The objective of this work is to develop a method for calculating band ladder filters having circuit element
values corresponding to the published standard.

Materials and methods. The filter design process includes two stages. The first of these is to perform a calculation of
the prototype polynomial LPF parameters. The calculated parameters are determined as the solution to a system of
equations. The equations are formed by equating coefficients at the same powers of variable in expressions of realis-
able transfer function (TF) and designed filter TF. Initial characteristics are the filter order and frequency response
unevenness. A transition to the standard values of circuit elements can be achieved when solving another system of
equations that connects LPF converted parameters with unknown parameters of the introduced non-equiripple AFR.
Results. TFs of LPF prototypes up to the fifth order and AFRs of band-pass filters (BPF) and band-rejection filters up to
the tenth order are presented. Analytical expressions of non-equiripple and equiripple ARF are used to estimate distor-
tions of the latter when a BPF centre frequency is tuned by using variable inductors or capacitors. The integral quad-
ratic function of a variable is taken as a measure of real frequency response distortions. The tenth order BPF calcula-
tion example is given.

Conclusion. The presented band filter calculation methods and provided example demonstrate the feasibility of a filter de-
sign method based on the solution of non-linear equation systems. In contrast to approximation methods of ideal filter fre-
quency response using special functions and tabular filters design, the presented method supports high-order filter calcula-
tion for any initial requirements without using reference data.
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CMHTE3 NOJZIOCHbIX »UJ/1IbTPOB C HEPABHOBOJIHOBbIMW
AMNANTYAHO-YACTOTHBIMIW XAPAKTEPUCTUKAMA

AHHOTaUuA.

BeedeHue. [Ipu pacdeme NOAOCHBIX @GUALMPOE 37EMEHMbl  yenu Mo2ym 6bimb onpedeneHsl  hocpedcmeom
npeobpa30saHUs napamempos GuaLMPA HUIKHUX 4Yacmom (PHY), Aensoujezocs npomomunoM CUHMmMe3UpyeMozo
punempa. lpobaema Moxcem 803HUKHYMb 8 C1y4ae, eciu 8 pesybmame npeobpas08aHUs HOMUHO/b!I CUHME3UPOBAHHbIX
3/1eMeHmoe (pe3ucmopos U KOHOeHCamopos) 8binadarom U3 WKaa 3HaYeHUl, onpedeneHHbIX Mex2ocyoapCmeeHHsIM
cmaHoapmom. OYegUOHO, YMO NPU 3aMeHe PAacYemHsIX 3HaYeHUl CMaHOGPMHLIMU YOCMOMHbIe XapaKmepucmuku no-
JIOCHBIX PUABMPOB UCKIKArOMCA. Yuca0 KOMNOHeHMOo8, pacdemHsie HOMUHOUT6I KOMOPLIX He coomeemcmeyrom Cmax-
oapmHomy pAdy, Moxem 6blme 8e0eHO K Hy/M0 pewieHueM 0onoaHUMenbHoU cucmemsl ypasHeHUl, cesviearoujeli napa-
Mempbl CUHMe3UpPO8aHHOU U 8HO8b 8800UMOLI HEPABHOBOIHOBOU aMNAUMYOHO-4YACMOMHbIX Xapakmepucmuk (A4X).

Lens pabomel. Pazpabomka Memoouku pacyema NoA0CHbIX GuabMpPo8 AeCMHUYHOU CMpPyKmMypbl € 31eMeHmamu,
coomeemcmeyrwuMU CMaHAaPMHbIM 3HAYEHUAM.

Mamepuansi u memodsl. [Ipoyecc cuHmesa ska4aem 2 amana. Ha nepeom amane paccyumsi8aromca napamem-
pbl noAuHoMUAnLHO20 ®HY-npomomuna. PacuemHsie napamempsi onpedeasomcs 8 pesyasmame peweHus cu-
cmemel ypasHeHuUl, 06pA308AHHbIX NPUPABHUBAHUEM KO3 PUYUEeHMO8 npu 00UHAKOBbIX CMeneHsaX nepemeHHoU &
gblpadiceHusix peanusyemoli nepedamoyHol ¢yHkyuu (MP) u M cuHmesupyemozo ¢uaempa. VIcxooHsIMU Xapakme-
pucmukamu A8A710mMcsi NOpA00K GuALMPA U HepasHOMepHOCMb nepedadu yenu. lepexod K HOMUHGAbHbIM 3HAYe-
HUSIM 8CeX 3/1eMeHmo8 8bIN0AHeH NPU peuwleHUU euje 00HOU cucmemsl ypasHeHUl, Ces3bI8aOWUX NPeobpa308aHHbIE
napamempel ®HY ¢ HeusgeCMHbIMU (UCKOMbIMU) NApaMempamu 8H08b 8800UMOU HepasHo80aHO8oU AYX.
Pe3yabmamel. [pedcmaegneHsl [1® ®HY-npomomunoeg 0o nsmozo nopsdka u A4YX nonoCHO-NPonycKarouwux uaempos
(M1®) u nosocHo-3a2paXBarOUUX GUALMPO8 00 0eCsIMOo20 NOPsAOKA. AHaAUMUYECKUEe 8bIPAX(EHUSA HEPaBHOB0/HOBOU U
pasHo80/HoB0U AYX npumeHeHbl 0418 OYeHKU UCKaXCeHUll nociedHell npu UMeHeHUU UeHmpasabHoU 4Yacmomel
HAcmMpoUKU NOMOCHLIX GUABMPO8 C NOMOWBIO NepeMeHHbIX UHOYKmusHocmeli Unu KoHOeHcamopos. B kayecmee mepei
uckap#eHUl peasnbHOU 4acmomHol Xapakmepucmuku NPUHAMA UHMe2pansHaa KeaopamuyHas QyHKYUS nepemeHHoUl
genuduHel. [pusedeH npumep pacyema 1P decasmozo nopsAdka.

3aknroueHue. [IpedcmasneHHble MemoouKU pacyema noAOCHLIX GuabMPos U npusedeHHbIld npumep Ha2A0HO Oe-
MOHCMPUPYOM 803MOXCHOCMU MEMOoOd CUHMeE3a PuabMpPos, OCHOBAHHO20 HA PelieHUU cucmem HeauHelHbIX ypae-
HeHul. B omau4yue om Memo0oo8 annpokCcuMayuu udeansHol xapakmepucmuku ¢uasmpa 8 4acmomHol obaacmu ¢
NOMOWbI CNeyuanbHeIX @yHKYULU U mabaudyHo20 NPOekKMUpPOBAHUA GuUALMPO8 PACCMOMPEHHbIU Memod no3goasem
paccyumame GuaLMpP 86ICOKO20 NOPSAOKA 04151 NH06bLIX UCXOOHLIX MpebosaHUl, He npubezas K CNPagoYHbIM OQHHbIM.

KnioueBble cnoBa: nepefatouHas GyHKUUS, GUALTP HUXXHUX YaCTOT, Mpeobpa3oBaHye YacToThbl, MOOCHO-
nponyckawLwmii GunbTp, MONOCHO-3arpaxaaroLwmin GunbTp, NepectpavBaemMblin GUALTP

Ana untnpoBaHusa: YepBuHckmiA E. H. CnHTE3 MONOCHBbIX QUALTPOB C HEPaBHOBOJHOBLIMW aMMINTYAHO-

YaCTOTHbIMW XapakTepuctikamu // M3B. By30B Poccun. PagmoanektpoHumka. 2019. T. 22, Ne 3. C. 5-23. doi:
10.32603/1993-8985-2019-22-3-5-23

NcTouHUK pUHAHCMpoBaHMA. VIHMLMaTMBHas paboTa.
KOH$NMKT nHTepecos. ABTOP 3asB/AeT 06 OTCYTCTBMM KOHOINKTA MHTEPECOoB.

CraTbs nocTynuna B pegakuuto 27.03.2019; npuHsaTa k nybnvkaummn 20.05.2019; onybnrnkosaHa oHnaliH 27.06.2019

Introduction. It is known [1]-[3] that a band-
pass filter (BPF) or band-rejection filter (BRF) de-
sign can be reduced to a low-pass filter (LPF) design
with certain parameters. The latter task is solved by
various methods (e.g. [4], [5]). To design a LPF with
a filter order higher than two given cutoff frequency
values and resistive elements at input and output of a

6

quadrupole, a design method based on tabular pa-
rameters of so-called normalised filters is widely
used [6], [7]. In [8], a method for determining circuit
parameters based on solving a system of non-linear
equations is investigated in detail. The equations are
formed by equating coefficients at the same powers
of variable in expressions of realisable transfer function
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(TF) and designed filter TF. The conversion of LPF
parameters, consisting in a designed band-pass filter
prototype, is carried out using a frequency conversion
method. The essence of the method is the copying of
electric circuit characteristics at a certain scale over an
entire axis of a variable o into a positive semi-axis of a
new variable ®' with corresponding circuit and LPF
parameter changes. The conversion causes problems if
the calculated of circuit element (resistors and capaci-
tors) values are at variance with the standard values
(with series designations E6, E12, E24, etc.) determined
by the GOST standard [9]. Obviously, the frequency
characteristics of band filters are distorted when replac-
ing the calculated values of circuit elements by the
standard ones. However, the number of circuit elements
with values different from standard can be reduced to
zero by solving an additional system of equations that
connects parameters of designed and newly introduced
non-equiripple amplitude-frequency responses — here-
inafter referred to as frequency response.

The objective of the present work is to develop a
calculation method of band-pass ladder filters with
circuit element values corresponding to standard
ones (hereinafter referred to as standard elements).

Fig. 1, 2 show LPF schematic diagrams com-
posed of T'-, T- and II-sections. Symbols on the
schematic diagrams are as follows: Uj,,and Uy

are complex amplitudes of input and output voltages,
respectively; r is the active resistance, including the

internal resistance of the source; Cj, Ly, i, k=1 n

are capacitance and inductance in transverse and longi-
tudinal branches, respectively (n is a filter order); R is

the load resistance, and Kj is the amplifier gain.
In general, the TF of a filter is

H™ (p)=Uou (P)/Uin (p), P=0+jor

In schematic diagrams (Fig. 1, 2) TFs of filters are
rational functions of a variable s= jo, where the nu-

merator is a constant value, while the denominator is a
polynomial of degree n (polynomial LPF). Dividing the

rational function numerator and denominator over m{:‘,
where . is an angular cutoff frequency, allows an ex-

- L, L,
U in
Gy Cs Cs
%]

Fig. 1. Schematic diagram of LPF
with the capacitor in the transverse branch at the input

pression of H (n) (sn) to be obtained as a function of a
normalised imaginary frequency sy = j /o = joy-

Calculation methods of band-pass filters. The
conversion of LPF to BPF with a centre frequency

g =, is carried out by a variable replacement [2]:
SN —>O(sy +1/sN). @
where @ is a positive number; Sy = jop IS an imag-
inary part of the converted normalised complex fre-
quency, where oj = ®/wg is an angular frequency,

which is normalised relative to the centre frequency
op. Values of the variable wy, which correspond to

the normalised frequency value oy, are defined as
equation roots

o —(wn/O)on —1=0:

Otz =1+ oR /(4@2) Moy /(20);oN > 0.

The geometric mean of frequencies wyp o gives a

normalised centre frequency of BPF: Jopjony =1.
The frequency difference is oy — 0N =oN /@, thus

O =0y /(o2 —oN1). If ©n =1, then © is defined

as a reciprocal of the difference between the normalised
BPF frequencies obtained by converting the LPF cutoff
frequency. Thus, ® is a BPF selectivity factor.

BPF frequency response values Hézpn)(o)N) at
points wyp o are equal to the LPF prototype fre-

quency response values H(”)((oN) at the corre-

sponding point ®y. For example, BPF frequency
response values when converting from a Chebyshev

LPF H I(gzpng: (on)  at frequencies

OJ,NCf:‘\;l‘f‘]/(“-@Z)rm/(Z@) are  equal to

]/\flJr g2 , Where ¢ is a constant value, and only with
¢=1, which corresponds to 3 dB frequency re-

corner

sponse, unevenness H gpn)c (oNof ) =YN2.

Fig. 2. Schematic diagram of LPF with tﬂe inductor
in the longitudinal branch at the input
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it HM (1) =1/\2, then

HI(BZPn) 1+L_i =
402 20
(2n) 1 1
=H 1+ —+—|=—,
and © =1/(wjp — o) in the case of the BPF qual-

402
ity factor Q, which is defined as a reciprocal of a
normalised BPF bandwidth at a frequency response

level of 1/\/5

Conversion to angular frequencies transforms
equation (1) into the following expression:

il

Multiplying both left and right sides of the equa-
tion (2) by mgC gives:

1

()

joC > joOC +wf0C/( jo). 3)

Terms oC and 1/(wL) are capacitive and in-

ductive conductivities, respectively; thus, from
equation (3) it follows that when conversion (1) takes
place, then capacitance C is replaced by a parallel

resonant  circuit with  parameters  Cp =OC

and Lpr:]/(co(z)(ac). Replacement of C with L
in equation (3) confirms that when conversion to

BPF takes place, then inductance L is replaced by a
series resonant circuit with parameters Lg =O®L,

Cqr =]/(co%®L). The obtained circuits are tuned to a
frequency of wq. The resistor values r and R and

amplifier gain K, remain unchanged.
Fig. 3, 4 show schematic diagrams of the 2nt™-
order BPF with elements Cpri, Lo, Gorks Lk

i, k=1 n, obtained by Fig. 1, 2 sections conver-
sions, respectively.

Considering conversions performed, LPF proto-
type capacitances and inductances are connected
with BPF circuit capacitances as follows:

: 2
G =GCpi/0; Lk :]/(®0®Csrk)-
Table 1 shows the TF of LPF prototypes of BPF with

n=1 5 filter orders with the capacitor in the trans-

(n)
bhC

the inductor in the longitudinal branch at the input

(Fig. 2) H{W

the parameter ® as coefficients of the variable sy. To
express the TF of LPF by means of the circuit ele-
ments shown in Fig. 1, 2, it is necessary to use sub-

stitutions Cpyj =OCj, Cgr =J/ (co(z) @Lk), replacing

verse branch at the input (Fig. 1) Hy'< (sy) and with

(sn) having elements Cpri, Cori, and

g by ..

Fig 3. Schematic diagram of the 2nth-order BPF with the parallel resonant circuit in the transverse branch at the input

I:lr ALSArl . Cer1
| o
U pr2
Corz Ly

in

Lsr3 Cq3 Lsrs }&

O

Hh

&

Fig 4. Schematic diagram of the 2nth-order BPF with the series resonant circuit in the longitudinal branch at the input
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Table 1. Transfer functions of LPF prototypes of BPF

n=1
o K,® (r+R)O | @

Hpe(sn)= sy + i Hpi (sn)=KawoRCy1®/| sy + g (r + R)Cy1 @
bC( N) morcpr1/|: Q’OrcprlR bL( N) a0 srl /I: N 0 srl :I
n=2

2 2
(2 KaRCq2® 2 1+0grCpRCqpp (r+R)Cqp 2 |.
HEZ (sn) =2 Csr2 SN+ g "L osy + 207 |;
Cpr1 ®orCpry Cpr1
2 1+ 0jrCyRC
Ht()zlz(SN): KaCsr1® 5[%] + 0" “srinCpr2 @sy + (r+R)Cyy o2
Cpr2 mORCprZ RCpr2

n=3
3

Ht()% (sn) = KaCsr2® /(U)OrcprlcprS)

2 E)
3 GCrl + RCpr3 ©s2 1+ wOr(cprl + Cpr3) RCyr2 02 (r+ R)Csrz o°
N oofCoRCyrs N 2 N ooTCoRC
©orCpriRlprs @) rCpRCprs @orCpr1RCpr3
3
Hl(33|z (SN) _ KaoRCy1Csr30 /Cprz
Cyrt +Cyrg (1+ 03rCy4RC
SSN +m0(rCsr1 + RCsr3)®5|%1 LS sr3( = 0 “sr1 pr2)®gsN + g (r +§)Csrlcsr3 o°
pr2 pr2

n=4

H E)AC) (SN ) = |:KaRCsr2Csr4®4/( rcprlcpr3):|//\g4é J

where
1+ 03rCyRC r(Cpr1 +Cor3)Cor2 +(rCor1 + RCi3)C
A£4) _ 4 + 0" “pr1 sr4 ®5l%j + ( prl prS) Sr2 ( prl pr3) sr4 @25'%1 +
(‘)Orcprl rcprlcpr3
2
Coro +Copg + wor(cprl + Cpr3) RCyr2Cers &% + (r + R)CqoCypa o
N ,
wOGCrlcprS rcprlcprB
4 4 4
Hé) I_)(SN) = [Kacsrlcsr3® /(CprZCprA ):|/AE) Ev
where
2
A(bAIZ _ Sﬁ N 1+ wgrCy1RCpr4 @ssN + (rcsrl + RCer)CprZ + R(Csrl +Cer)Cpr4 ®Zsﬁ +
0oRCprs RCpr2Cpra
N Cor1 +Corz + ‘”(%rcsrlR(CprZ + Cpr4)csr3 3. + (r+R)Cy1Cy3 o
N +————srLests
@oRCpr2Cprs RCpr2Cpra
n=>5
Hi () =| KaCer2Cera®® /(@0rCoriCprsCors ) | / AL
bC(SN)— a“sr2Vsra ((‘)Or pri-pr3 pr5) bC:
where
rC,1 +RC Cyr1Cerg +CeoC
AEJE% _ sa : prl pr5 ®Sﬁl " pri™srd sr2~pr5 " Csrz +Csr4 " . 1 @ZS';:(I :
@orCpr1RCprs CoriCprs Cors 0ol CpriRCyis
2
. (Cpr1 + RCpr5)(Corz + Csra ) + (rCorz + RCs14 ) Cra 032 + Cor + Cora + 0T (Cpry + Cpra + Cprs )RCs12Cora ofs +
N N
@orCpr1RCpr3Cprs m(ZJ CoriRCpr3Cprs
(r+ R)Csrzcsm ®5.
0)OGCrlRCpr3Cpr5
(5 5 5
H b B(SN) = [KawoRCsrlcerCer(a /(Cprchr4):|//\£) IL
where

5 5 4 Cy +C C,3+C 2 2.3
A% a = SN + [a}) (I’Csrl + RC3r5)®sN +( Sr]C': sr3 + SI’?&: Sr5 + U)Orcsrcher (©) SN +
pr2 prd
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End of the table 1

(Cpr2 + Cpr4 ) Ca3

r R
+ M C. 1 =t C 5+
li y (Cpm CprZ] g CprZCpr4

CprZCprzl

(rCon + Rcer)} 0% +

2
N Csr1(Csra + Csr5) + CsraCors [1+ (’JOrCsrlR(Cprz +Cpra ):| Osn 1+ 20 (r + R)Cy1Cy3Cyrs @
N

CprZCpr4

The designed TF of the n"-order LPF with an equir-
ipple frequency response in the bandwidth is defined as ™:

HLR () = K/ (R + Bgsfi™ -+ buswy + By ), (4)

where coefficients K, b; are real positive numbers.
The frequency response of the polynomial LPF with
coefficients K, b; evenly approximates the ideal

frequency response in the passband and monotonical-
ly decreases in the stopband. The methodology and

calculations examples of the coefficients K, by g,

Bh—2.
response extrema @y, i=2, n for various n and §,
are given in [10]. The boundary condition imposed on

..., by, as well as frequencies of the frequency

the frequency response is I-Nll(_rl‘p) (1) =1//2. By equating
numerators and coefficients of variables raised to the

same powers s,Q,‘l, s,r\‘,_z, sR, in denominators of

the converted TF H(™ (s ) (Table 1) and H(Lrg,)(sN)

(4), the system of n+1 equations is obtained, which
allows the parameters of the BPF Ky, 1, Cpri, Cgr, R

to be determined with the given frequency response une-
venness & and quality factor Q. The total number of un-
knowns is n+3, with n + 2 standard elements (resistors
and capacitors); thus, the nominal values of the two ele-
ments are set arbitrarily from the selected series.

Table 1 shows that if sy =0, then the TF value of
the LPF prototype — and, consequently, the value of its
frequency response at zero frequency — is defined as:

H™ (0)=K,R/(r +R). ()

On the other side, H (L'E,) (0)=K/by [see (4)], hence

Ka = K(r+R)/(gR). This can be used as means of

verifying the solution to the system of equations.

The transition to the standard values of other el-
ements can be done when solving another system of
equations that connects LPF converted parameters
with unknown parameters of newly introduced non-

" The sign "~" indicates that the parameter belongs to the equiripple
frequency response.

10

equiripple frequency response H(”)(coN)** with g
extrema, where g can take one of the possible integer
values over the section 1<qg<n.

The unevennesses of H(”)(ooN) at the extrema

onj» i=1 g, can be defined as:
5, =20IgH™ (@i ). (6)

Since wp; =0, taking into account (5),

lgH™ (0)=1g[ K,R/(r +R)].

The introduced definition of the frequency response
unevenness differs from the definition of the equiripple
frequency response unevenness that is given in [10]:

5= 20[1g{H™ @)/[2-A™ @]},

which characterises the equiripple frequency re-
sponse at the section.
The system of 2q+1 equations used to find the

n+2 standard elements of BPF, corrected amplifier
gain K, and 2q parameters of non-equiripple fre-
quency response I:I(”)(coN): Si, ON2» ON3» -
ONg» Q is defined as:

201g] K4R/(r +R) | =&;;
20lgH™ (o) =8, i=2, 0

H™ @) =1/42; (7)
dH ™ (op;)/doni =0, =2, q;

1 s

3 . 2
K[HI(_?(@N)_H(M(@N)} doy =0,
0

where I:l(LrE,)(wN) is the frequency response of the

polynomial nth-order LPF. For n=1

A (on) = K/ od+ & ®)

forn>2

™ The sign ~ indicates that the parameter belongs to the non-
equiripple frequency response.
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A (on) =K/\P, ©)
where for even n
) 21 a2 T
P=|oN- Z (—I)T_JszmNJ +
j=0
VZoonis i i
+ Z(—l)E_Jij_lo)NJ_ ;
j=1
and forodd n>3
3 (D2 n1 . 5i1 2
P=| oy - Z (-2 Jsz_leJ_ +
j=1
(2 1. ?
+H D, (D72 JszwNJ

i=0
Frequency response H(”)(coN) (see (7)) is de-

termined by H(Lg)(coN) (8), (9) with replacement of
K by an expression of the TF numerator of LPF pro-
totypes Hé”c)(sN) or Hénl_)(sN) (see Table 1). The

coefficients byj, bpj_1 in the expressions of P are

substituted by the coefficients of the variables sﬁj

8,2\11_1 in the denominators of the same equations.
It should be noted that the introduced definition of

the frequency response unevennesses I:l(")((])Ni) 6)

as the frequency response values in decibels at the ex-
treme points does not guarantee the passband ripple os-
cillations around the unit value. This can be seen from

equation (6) expressed as: &; =20Ig[H(“)(d)Ni )/1]

Multiplication of the numerator and denominator of the
fraction under the logarithm sign by the same number is
not changing the logarithm value. To bind the ripple
mean value to the unit value, the integral equation (the
last one in the system) is introduced into the equation
system (7), which provides the least quadratic deviation

of the non-equiripple frequency response H(”)(mN)

from the designed frequency response I:I(L?,)(mN) by
varying the amplifier gain Kj.

The total number of unknowns is (n+2q+3),
while the number of equations is (2q+1). The differ-

ence (n+2) is equal to the number of BPF standard
elements. When forming the equation system, the
(n+2) element values of BPF r, Cpi, Cgy, R,

which are calculated for the implementation of the
equiripple frequency response, are substituted by the
closest possible standard values, while the initial pa-

rameters 8, @, ®ON3s - ONp» Q and the calculated

value of K, are used as an initial approximation of the

desired solution of the system of equations.

Transition to the standard values of the circuit el-
ements causes distortions of the resulting frequency
response. In addition to the ripple value changes,
their number may also decrease. The number of ex-
trema required to form the equations system (7) is
determined from the BPF frequency responses

graphs H(BZF,n)((DN) with the parameters K, and
standard values of the filter elements as

q=(p-1)/2+1, where p is a number of extrema of

o g(2n)
the function Hgg" (o).

The frequency response expressions of BPF with
filter orders of 2n=2, 4, 6, 8, 10 with parallel

7(2n) e g (2n)
HBF,prC (o) and series Hep c

inputs according to the schematic diagrams in Fig. 3
and Fig. 4, respectively, are presented in Table 2. Taking
into account the correlations

2
LpriCpri = Lsrk Csrk :]/030 '

inductances are expressed by means of the corre-
sponding circuits capacitances; thus, in the equations

(Table 2) only symbols Cpyj and Cgpyc appear (this is

(oN) circuits at the

signified by a subscript C).
Possible negative values of &;, obtained as a so-
lution of the system (7), correspond to the frequency

response values H® (oni)<1.

The analytical expressions of Hé%”)(m,\l) can

be used to estimate the frequency response distor-
tions when changing the BPF centre frequency. As a

measure of the BPF frequency response I:Iéin)(m,\l)
distortions when an offset from the centre frequency is
equal to Awg can be taken as the definite integral
value of the square of the difference between the
functions I:Iézpn)(coN) and I—Tézpn)[mN,(HA)mo]
over the section
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Table 2. BPF frequency responses

2n=2
(2) [K a/((DO I’Cprl)JwN (2) K a 09 RCy 0y
HE o) -  HE o (on)-
BRyC (N » > Mep,c(ON Y .
(03-1)7 4 R \/(mN—l) +[wp(r+R)Cqy o ]
(DO r‘CprlR
2n=4
K 4RC (r+R)C 2 1+ 03rC,4RC ?
Hgg C(@ﬂ):ia sr2 (,012\] (0{4\1— 2+7r+ sr2 (1)12\,+1 + T pr T2 (m?\]_(DN) 5
pr GCrl I’Cprl ®q I’Cprl

2 2 2
H(BPZrC(mN):aisrl(DN {mN_{Z_'_Sfl ('ON-’»1 + ¢(WN—MN)

Cpr2 RCpr2 ®g RCprZ
2n=6
. _ 3 (6)
H BP,C ~ [Kacsrsz / (mOGCrlcprS):| / A ?ABPWC )
where
2
1+ ®3r(Cypy +Cpr3 )RC
A(BGFE c= co?\, -3+ 0 (2 pri prs) sr2 (m‘,‘\,—m,z\,)—l +
d 0JOGCrchprS
2
rCor1 + RCpra (ms o ) Z(I’Cprl + RCpr3) +(r+R)Cqyy, Rl
PP (o _ 51
(ool’CprlRCpr3 (x)oGCrlRCpr3
6 3 6
H|<3P)S,C (C‘)N ) = (KawORCsrlcer(’)N/CprZ )/\é/“ggsrc )
where
(1+0f ) 2
Cy 1+ ogrC,»RCe 3 |+ C
6 _J 6 st 0" “pr2™sr3 si3 |( 4 2
BR,C — | N _{3““ Con 1(@,\, —mN)—l +
2
+ (o rR)2 (@ + %)(my’ ro )— 2(@ + @j + (r+R)CsiCyg s
0 R r JUNTON R r rCpr2R N
2n=8
(8) 4 (8)
H BPyC ((DN) = |:Ka RCerCsr4(”N/( "CoriCpra )J/~¢ABPWC )
where
A(B?F)’ o= 0)?\1 _las Csr2 +Cora n rCsrp + RCorg (U)?\l +(D$\l)+
Pr cpr3 GCrl
2
+ 6+M+2 Csrz +M + 2+M @ 0)4N+1 +
CopriCorz Cor1 Cora Cpra ) "Cpr1

®g GCrl Cprl pr3 ®g GCrlerS

I o (00) = KaConCorsoty/(CpreCe) |/ (N

2
1+ @3rC,,RC C.. C Cep +3C, 2 +C
+ { 0" ~prifittosrg (0‘)?\] — oy ) _ Her sr2 | ~sr2 JwORCsm + sr2 pr3 sr4 ((D?\‘ _(9?\1) :

where
8 8 Cy1+C rCy1+RC 6 2
Aggsrc :{mN —[4+ S’é S8y Sréc sr3 (o)N +0)N)+
pr2 prd
2
o6y ConCas | o Csz | Con+Cus ) (5, Cora ) FCon ol 1l
C:prZCprzl Cpr4 Cpr2 Cpr2 RCpr4

2

1+ warCy RC Cyr1 +3Cy2 +C

T it € i L8 (‘”Z\J —G’N)— 3+7C5r3 + Cus o Cyry p 0 pE S (03?\1 _U)?\I)
mORCpM pr2 pré4 mORCprZCpM
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End of Table 2

2
Csr2+3cpr3+csr4:}( eN_mz’t\l)_l} "

2n=10
10 y 10)
HI(BP)C( ) |:K Csr2Csr4(’3N/ woGCrlerSCprS)J/ AEBP c
where
Age e = 1ot (54 Zuz y S *Con | Coe +2; (o —0k)+
" prl Cor3 Cors 0prCuriRCpy5
41043 oz, Coz+Care , Cora |, Con*Cos+Cos o o
Cprl Cora Cprs CorCpraCors (‘)OrcprlRCprSCprS

n M(“’?\l roy ) _ ("Cpr + RCpr5 )(Csra +4Cpr3 + Csra ) + (rCsra + RCyq ) Cpra (o]

mOGCrlRCprS O)OFCprlRCpr3Cpr5

. 2(rCpry + RCpys5 )(Corz +3Cpr3 + Cora ) + 2(rCorz + RCyg ) Cprg + (r + R)CypCorg

[QIN +(,0?\l)+

@oFCpr1RCpi3Cprs

where
10 10
A(BP)C - {mN - [5+

4 Csrl (Cer + Cer) + Csr3Csr5

Conn +Css  Cra+Cars

Cor2 Cora

10 10
I(BP )C (on)= |: a(‘)ORCsrlcerCerU)N/ prZCpr4 /#Agp)c )
+ mgrcsrchsrsj(mﬁ, o)+ [10 + 3[

2
(3+ Cog gsr3 jrcsrlRCsr5:|(“)?\l _(’3?\1)_1} +

2
5 | .
N}

Csr1 +Csra

Cy3+C
+ sr3 sr5 +
pr2 Cora

CprZCpr4 pr2 pr4
N (G)OI’R)Z (@4_@)(@?\‘ +0°N)_ 4423 Cora n Cerz *+ Cars @_,_ 44 Con +Csr3 Cora Csr5 (@Z\l +C°?\l)+
R r pr2 Cora R Cor2 C r
+ 2| 34283 Csr3 + Csr3 +Csr5 + Csr3Csr5 @_'_ 3+ Csrl +Csr3 + Csr3 srlcsr3 sr5 co
Cpr2 Cpr4 ZCprZCpr4 R pr2 Cpr4 2C:prZCprél
2 2 .
/(%) -1/ (20), 1-1/(40?) +1(20) ) o = j.(Zn)wdA

1/(407)+1/(20) |

112V (a) = [
J1/(4Q2)-4/(2Q)

(Zn) [mN, (1+A)c00:|} doy,

HER (on)-

where Hé%”)(m,\l) is an absolute value of TF of the

2nth-order BPF, which is obtained by conversion (1) of
~ . ~ 2 .

TF H(Lrg,)(sN) @); H(Bpn)[(DN,(l-i-A)(D():l is a func-

tion of the BPF normalised frequency oy and centre

frequency (1+A)wg, —1<A. Analytical expres-

sions of H(Z”)(mN) for 2n=2, 4,6, 8, 10 are given
in [10].

The numerical estimation of the frequency re-
sponse distortions in case of retuning BPF is deter-
mined by an average value of the function (2n) (A)
over the section [A| SA<A]:

Al A

A number of works is dedicated to the problem
of retuning electric filters (see [11]-[13]). By analo-
gy with [13], where the retuning coefficient is intro-
duced as a ratio of centre frequencies in the final and
initial states, the retuning coefficient y is defined as a

ratio of upper (1+ Ay )wg and lower (1+A))og BPF
centre frequencies with acceptable integral frequency
I(Zn)(Au) |(2n)(AI)

response distortions and

spectively:
X=(1+Au )0)0/[(1+A|)(00] =(

Considering that the amplifier gain K, remains
unchanged during the retuning process, parameters
8y, 83, . Oy ON2, ong>  Q
of LPF  prototype responses
HM o, (1+41)op] and H™ [ay, (1+Ay )ao ]
are solutions of the corresponding systems of 2q—1
equations, which are formed by excluding the first

, re-

1+Ay)/(1+4A).

(bNS’ vy
frequency

13
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and last equations of the system (7) and with re-
placement in expressions for H(”)(mN) of the centre

frequency of wg by (1+A)wg :

201gH™ o, (1+A))wp ] = 8, i =2, qp;

HO L (2144 )op |=1/42;

(10)

201gH'™ [, (14 Ay Yoo | = 8, =2, ay;
I-Hl(n)[l, (1+ Au)wol =1/xﬁ;

R Lo 1+ Ay oo )/ o =0, 12,0y,

(11)

where q;, q, — are extrema numbers of functions

H™ (o, (1+4))op

respectively.

The control of the filter centre frequency with
fixed standard values of capacitances is carried out
by changing circuits inductances, for example, by
using variometers. The inductance overlap ratio for
each variometer is defined as:

2 2

KL = Lmax/Lmin =(1+Ay) /(1+AI) ,
where Liax, Lmin are the maximum (lower limit of
the overlapping range) and minimum (upper limit) of

the variometer inductances.

In order to estimate the frequency response distor-
tions in case of BPF centre frequency retuning by chang-
ing the circuits capacitances, we shall express

H™ [, (1+ Ay oo ]

Hézpn)(coN) through the circuits inductances Ly and

Ly, by  substitutions in

expressions  for

(2n) (2n) .
HBPp,C (on), HBPsrC((”N) in Table 2 of values
below:

Cpri :]/(038 Lpri )9 Cark :]/((95 Lsrk)-

The initial values of the inductances, which cor-
respond to the centre frequency, are the inductances
of the BPF with the equiripple frequency response

HI(BZF,”) (0N ). The capacitance overlap ratios for each
capacitor are equal and defined as:

2 2
ke =Crax/Cmin =(1+4y) /(1+AI) ,
where Cipax: Cpin are the maximum and minimum

circuit capacitances at the centre frequencies of the
filter (1+A})wg and (1+ A )wg , respectively.

14

Thus, the filter design process of the 2nt"-order
BPF having centre frequency wg, quality factor Q

and amplifier gain K, includes two stages. The first
stage is a calculation of the LPF prototype parame-
ters, whose elements C; and L, are expressed

through the BPF circuit capacitances Cpj and Cgy,

respectively. The calculated parameters are determined
by solving the system of equations (n+2) formed by
equating the coefficients for equal degrees of variable in

the expressions of the PF low-pass filter of the proto-
type Hé”c) (sn) and the PF low-pass filter with equir-

ipple response Hl(_rF',)(sH). The initial characteristics

are the order of the filter n and the unevenness of
transmission of the circuit 6.

The transition to the standard values of circuit el-
ements can be achieved when solving another system
of equations that connects LPF converted parameters
with unknown parameters of newly introduced non-

equiripple frequency response H(“)(coN). At the

second stage of the filter design, the non-standard
BPF elements values are substituted by the closest

possible standard values, while the parameters K,,

Q. 3, dN2, ON3s - ©ONp OF the equiripple fre-
guency response H(L'E,)(oaN) are used as an initial
approximation when calculating LPF prototype non-

equiripple frequency response H(”)(coN) with pa-

, 8qy ON2> ON3s -
wNg - With conversion of capacitances, the induct-

rameters K,, Q, &, &, ...

ance values are defined as:

’ 2 ! ! 2 !
pri :]/(U)O Cpri)a Lsrk :]/((DO Csrk)’

where Cpyj, C¢rk are standard capacitance values.

At the final stage, the frequency response of the
designed BPF can be corrected by tuning to another
centre frequency wqeor by using all filter inductanc-
es to achieve the least quadratic deviation of the

H(Z”)[

function Hgp" [on, ®geor] from the equiripple

frequency response  H |(32Pn) (on)= ‘ H ézpn) (sn )‘

where H|(32F,”)(SN) is obtained from H(Lr;,)(sN) by

the normalised frequency sy conversion.

Example. Let us consider calculation of the cir-
cuit element parameters and frequency response of a
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10th-order BPF with the parallel resonant circuit in
the transverse branch at the input (Fig. 3), having

circuit centre frequency of g =10° rad/s and fre-
quency response parameters 8=0.1, Q =10. The TF

coefficients H~|(_5P)(5N) of the polynomial 5th-order

LPF with the equiripple frequency response uneven-
ness 5=0.1 and value of 1//2 at the cutoff frequen-
cyony =1 are equal to [10]: K =0.217744,
by =1.535234, by =2.147160, b, =1.635204,
by =0.862123, hy =0.216497; the normalised ex-
trema frequencies are ®pp =0.272, @dn3 =0.517,
ong =0.712, ong =0.837. By equating the coeffi-

cients ofHEf’é (sn) and I:I(L‘E;,)(SN), a system of 6

equations with 8 unknowns is formed.
Assuming that r=100Q, R=51Q. , the solu-
tion of the equation system is:

Ko =2.978, Cpyp =2.99 uF, Cgp =10.74nF,
Cpr3 =3.78 uF, Cgrq =12.57 nF,
Cors =1.63 pF.
System of equations solution verification:
Ka = K(r+R)/(pR) = 2.978.

The closest standard capacitances values from the
E12 series to the obtained value Cpyq are 2.7 pF and
3.3 uF. For other capacitances, standard values are
Cérp =111F, Chr3 =3.9 pF, Céra =13 1F,

Cprs =1.6 uF. For an accurate approximation of the

ion g (10)
function HBPp, c

(o) to H|(31F9)(®N) the capacitor
Cpry is replaced in the BPF circuit by two parallel

capacitors with nominal capacitances of 1.5 pF, thus
obtaining an equivalent capacitance of Cg)rl =3 uF.
Fig. 5, a shows the 10th-order BPF frequency re-
sponse with capacities of Cpq =2.7, 3.0 m 3.3 puF. The
magnified central parts of BPF frequency responses are
shown in Fig. 5, b. From the figure it can be seen that the
number of local extrema of the LPF prototype frequency
response is q=3 when Cpyq =2.7 uF and that it is
equal to 5 with other capacitance values. The solutions of
the equations system (7) for three Cbrl values and the

selected centre frequency ®, are given in Table 3 (three
left columns). To make a conversion to the normalised

5(10)
H
BP,,C /
o pris nF
2.7
3.0
3.3
0.55—
0]
08 U)N
a
5(10)
HBPprC
1.00—
0.95
0.92 0.96 1.00 1.04 0N
b

Fig. 5. BPF frequency responses (a);
central parts of BPF frequency responses (b)

extrema frequencies of the BPF frequency response

1(10)
H
BP,C

ONiy , =«f1+5312ui/(4<52)$50Ni/(2Q)-

It is possible to apply the equations systems (10),
(11) to determine the parameters of the BPF

(N ) , the following equation is used:

Table 3. LPF prototype frequency response parameters
of the 10th-order BPF

Tuning to

Parameter -

center frequency extreme frequencies
oy, rad/s 10° 0.8-10° |1.2.10°
A 0 0.2 0.2
Cpr1 HF 2.7 3.0 3.3 3.0 3.0
q 3 5 5 4 3
Ky 2.950 | 2.981| 3.019| 2981 | 2.981
8, -0.033 | 0.059 | 0.169 | 0.059 | 0.059
3, ~0.169 |-0.104 |-0.031 | 0.422 | -0.786
83 0.258 | 0.041 | 0.041 | -0.031 | 0.075
84 - 0.039 |-0.043 | 0.387 -
85 - 0121 |-0.040 | - -
Q 9.799 | 9.989 |10.175 | 10.043 | 10.006
On2 0.288 | 0.305 | 0.327 | 0.372 | 0.350
Ons 0.828 | 0.611 | 0.543 | 0.675 | 0.701
Ong - 0.662 | 0.752 | 0.852 -
Ons - 0.821 | 0.794 - -
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r Lsro Cyo Lra | Cya
U in —‘:
C:pr_1|:w I-prl Cpr:% Lpr3 Cpr5
%]

Fig. 6. Schematic diagram of the 10th-order BPF with variable induczors

frequency response ':'I(algp)rc (o) with a set of capaci-

tors of standard values when tuning the filter centre
frequency. The schematic diagram of the 10th-order
BPF with variable inductors is shown in Fig. 6.

Assuming that Cprq =3 uF, then, with a centre

frequency of 10° rad/s, the following inductance
values are obtained:

Loyt =33.3 uH, Ly =9.1mH,
Lbr3 =25.6 pH, LS,I‘4 =7.7 mH,
Lbr5 =625 p,H.

When tuning BPF in the frequency range
wo =(0.8K 1.2)10° rad/s (-0.2<A<0.2), the in-
ductance overlap ratios are defined as:

k =(1+02)?/1-02)% =2.25.

The amplifier gain and frequency response une-
venness at the centre frequency over the entire tuning
range are constant and equal to the initial values:
K, =2.981, &; =0.059.

The function of normalised
03/[(1+A)c00]:mN/(1+A) is

frequency
defined as

HééO)[mN/(1+A), (1+A)wg | The frequency

responses Héégr)c [on/(1+A), (1+A)wg | for var-
ious A are shown in Fig. 7. The solutions of the equa-
tions systems (10) and (11) for two extreme values of
the frequency range corresponding to the retuning
coefficient x =(1+0.2)/(1-0.2)=15, are given in
Table 3 (right columns).

H /(10)

BR,.C 0.1 0.2
A A R4
ne s
i !
i '.
0.55— 1 'l !
1 !
I '
[ '
N
oL~ . . L \.
07 038 0.9 1.0 1.1 1.2 o

Fig. 7. Frequency responses of the 10th-order BPF with
variable inductors for various A

It is possible to investigate the frequency re-
sponse distortions when varying the BPF centre fre-
guency with the use of variable capacitors. The in-
ductances of parallel and sequential circuits are de-

termined from correlations: Lprizj/(mgcpri),

Lsrk :1/(“)% Csrk)» where Cpyj and Cgyy are calcu-
lated values of the initial system of 6 equations:

Lpr1 =33.43 pH, Ly =9.31mH,
Lpr3 =26.45 pH, Ly =7.95 mH,
Lprs = 61.25 pH.

A schematic diagram of the 10th-order BPF with
variable capacitors is shown in Fig. 8, while the frequen-

Cy responses I—Té&,O)L[mN/(HA), (1+A)wg | for
pr

the same A values are shown in Fig. 9. The curve for
A =0 is an equiripple frequency response with pa-
rameters K, =2.978, & =0.059, which remain un-
changed while tuning.

Solutions of the equations systems (10), (11) for
two values of A are shown below. When A} =-0.2,

r Lsro Cor2 Lsra Cora ~
%)
Ug,‘n Cprl 3 I-prl CprS %3 I-pr3 CprS % I-pr5 R L&out
%)
(%,

Fig. 8. Schematic diagram of the 10th-order BPF with variable capaci'tors
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) /(10)
H BP L

0.55—

. A
0 : :
0.7 08 0.9 1.0 11 1.2 oy

Fig. 9. Frequency responses of the 10th-order BPF
with variable capacitors for various A

g=3: §,=-0.869, &3=0007, Q=10.006,
N2 =0.345,  opn3=0.674.  When A, =02,
q=4: §,=0389, 83=-0.106, &,=0.317,
Q =10.046, o2 =0.374, N3 = 0.684,
ong =0.857. The overlap ratio of capacitances is
ke =2.25.

Fig. 10 shows the frequency response distortions of
the BPF with variable inductors (see Fig. 6):

Jl—l/(th})W(zQ)
J11/(40?)-y/(2q)

H(lo)c |:(DN, (1+A)(DO:|} d(DN

140 () = A (o )-

and with variable capacitors (Fig. 8):

Jl—]/(thf)w(zq)
1/(4?)-v(20)

H(lo)L[(DN, (1+A)COO:|} dO)N,

310 (a) = (199 (oy)-

\ |(1o), J(lO)
\
\ 201074
\ J(lO) |(10)
X 1.5.107%
\
\ 1.0-107%—
\\ _
< 051074 -
N —
| —~= = |
02 0.1 0 0.1 A

Fig. 10. Frequency response distortion functions
of the tunable BPF

H (10)

ok

H(lo)c[mN, (1+A)wg | is a function of the nor-

~(K/Q%)w

malised frequency wp;, which is expressed by Cori

and Cg i (see Table 2), and the centre frequency

(1+A) op;
10
HI(BP)L[(”N’ (1+A)wg |=
_K a L+ M) og Ly Lprabprs o5 | 4@
r ©ON BPy L’
%Q%M
where

M1 - {wlNo + {5 +—=

ON cs)'x
~—
e
ZOO
|
e
zZnN
-

Q* Q*

(6 + o ) - [ﬂ+5_2J(w7N+w3N)+

~ 2
(6b4 2b2 bOJ“)E'{‘]'
Q @

Lop +L Loz +L
_ [ }\? _ {5 4 prl ™ Lpr3 + pr3 ™ Lpr5
I-sr2 I-sr4

2
1+A Lol
N [( + )0)(;2 prl prs}(mﬁ—mﬁ)+

+{10 . 3[ Lpr1 + Lpr3 N Lpr3 + Lprs J .
Lsro Lsra
N I-prl('—pr?; + I-pr5) + Lpralprs N
LsroLsra

2
[+ M) og | Ly Lpralprs
+ R X
r

2
g
0] {errS + RLprl(

(10+%+ij((o

Zo
|
e
~
SN—
|
=
N
+

|O‘z

{Q

(10)
MBP L

rR N+(DN)
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L L L L

_K prl + pr5j[4+ pr3 + prSJJr

r R Lsr2  Lsra

Msrg +Rlgra | }( 7
pr5

3
pri ON +®N)+
Rlsralsra

rL,s + RL
+|:2 pr5 prl[

L L
3+ prs + prs j +
rR

I-sr2 I-sr4
+2L ( L + ) Lye +
rl r5
P(Rlsy rlgs) "

2

(r+R) LprlerBLprﬂ . }

+ 0N .
"RLsroLsra

The average values of functions 119 (A) and
390 (A) over the argument range [-0.2<A<0.2]
are equal to 54.92.10°° and 53.51.107%, respec-

tively. From the function I(lo)(A), it can be seen
that the frequency response of a non-tunable BPF can
be corrected by a slight change in frequency wq us-
ing inductors. The function minima occur at
A=-0.0144, which corresponds to the corrected
angular frequency of circuits tuning
wocor = (1—0.0144) g =98 560 rad/s. The com-

H (10)

parison of the initial e

[on, ©g] and correct-

ed |:| /(10)

BPprC[(DN /0.9856, wgeor | frequency respons-

es (Fig. 11) shows that the corrected frequency re-
sponse has smaller ripple values at minima points,
while at maxima points the ripple values are un-
changed.

Band-rejection filters. When converting from
LPF to BRF with a centre rejection frequency of o,

capacitance C is replaced by a series resonant circuit
with elements Cg; =C/® and Lg =®/(co%C),
while inductance L is replaced by a parallel resonant
circuit  with  elements Lor =L/© and
Cor =©/(wfL). when HM @) =Y/42, then O is a
BRF quality factor that is equal to the ratio of the

r

I-pr4

Cur3
Lsra

LprZ

. C
Yin N § Lsr
> é

Cpr2

normalised centre rejection frequency to the normal-
5 (10)
BPy C’

5(10)
BPyC

H /(10)

0.70—

0.35—

N

5 (10)
H BPyC’

(10)
H BPyC

1.00

0.98

Fig. 11. Initial and corrected frequency responses of BPF (a);
central parts of BPF frequency responses (b)

ised stopband, which is determined at the level of

1,/\/5 the TF absolute value.

Fig. 12 and 13 show schematic diagrams of the
2n-order BRF with the series resonant circuit in the
transverse branch at the input (Fig. 12) and the paral-
lel resonant circuit in the longitudinal branch at the

input (Fig. 13) with elements Cgrj, Lgrj, Cpri.

Lprk, i, k =l,_n.
Table 4 shows the TF of LPF prototypes of BRF
Hf”c) (SN) (schematic diagram in Fig. 1) and

HH‘_)(SN) (schematic diagram in Fig. 2) with filter
orders n=1, 5, which are expressed through the cir-
cuits capacitance Cgrj, Cpr -

Table 5 shows the 2nt"-order BRF frequency re-

(2n)
HBF?srC (on)

2n=2, 4, 6, 8, 10 with the series and parallel reso-

Cars
Lsrs

sponses of and H|(32R”)C(Q)N) for
pr

Cpr4

Fig. 12. Schematic diagram of the 2nt-order BRF with the series resonant circuit in the transverse branch at the input
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& .
Fig. 13. Schematic diagram of the 2n™-order BRF with the parallel resonant circuit in the longitudinal branch at the input

nant circuits at the input and corresponding to Fig. 12 Fig. 14, b. When r=1009Q, R=51Q, then BRF
and 13, respectively. Frequency responses are ex-  elements have the following non-standard values:

pressed through the circuit capacitances Cgrj, Cprk-

. . Cqr1 =29.92 nF, Lgpp =3.34 mH,
Fig. 14, a shows the equiripple frequency re-

sponses of the 5th-order LPF prototype I-|E5C) (oN) Cpr2 =1.07 pF, Lyrp =93.12 uH,

(see Fig. 1) and the 10th-order BRF with the series

Cq3 =37.81nF, =2.65 mH,
resonant circuit in the transverse branch at the input Sr3 RE

Hgg)c(oaN) (Fig. 12) with circuits frequencies Cpra =1.26 uF, Lyrg =79.53 uH,
sr
tuned at wg=10° rad/s and frequency response Cq5 =16.33 nF, Lg5 =6.12 mH.

parameters: 8=0.1, Q=10. The magnified

The amplifier gain is K, =2.978.
central parts of the frequency responses are shown in

Table 4. Transfer functions of LPF prototypes of BRF

n=1
K , o9 RC, o (r+R)C,
Hﬁlé(sN): K, s + r+R ;H£l|_)(SN)= a®o prl/|:SN+ 0 prl:|
0)0 @rCsrl (00 ®rC5r1R ® ®
n=2

2 2
2) B Ka RCprZ 2 1+ UJOrCsrlRCprZ (r + R)CprZ . 2) _ Kanrl 2 1+ (DOGCr]_RCer (I’ + R)Cprl
Hic(sn)="3 s SNt D HiT (sn)=— SNt o0RC SNT—
07rCqy 0o gr 07rCqy 0°Cypp IS ©°RCqp

n=3

3
KaCprz / (©°wprCyiCys)
2
s34+ Cor1 + RCyr3 2 4 1+ o (Cr1 + Cyra) RCpr2 s 4 (r+ R)Cprz
N
OworCqRCyr3 @2605 rCq1RCq3 " ®3m0rCsrlRCsr3

Ka®g RCprler3/(®3Csr2 )

HIZ (sn) =

3
HY (sn) = 2
5 ©0(fCh1+RCps) 5 Cpn+Cora(1+08rCyRCsz) g (r+R)CyiCprs
SN + o) SN + 2 SN + 3
e Csr2 o Csr2
n=4
4 4 4
Hﬁ(:)(SN) = [KaRCprZCpm/(@ rCsrlcsr3)j|/Af' (%f
where
2
A(4) _ S4 + 1+ 0)OrcsrlRCpm s3 + r(Csrl + Cer)CprZ Jr(rCsrl + RCsr3)¢pr4 32 +
C —°N N N
' OwgrCsy G)Zr‘csrlcsrs
2
L Cor*Cona + @r (Cgrg + Cor3) RCpraCpra . (r +R)CproCprs .
3 N 4
©”worCq1Cera 07rCq1Cqr3
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End of Table 4
(4)
L(sn)= [K Cprlcpr3/ ©'Cy2Cors J/ArLf
where
(1—) ﬁl N 1+ moGCrlRCSm 33 (rcprl + chrs)csrz + R(Cprl + CprS)Csm Sﬁl N
AfY =
©wyRCyry e? RCsr2Cora
Cprl +Cpra+ OJorcprlR(Csrz +Cqr4)Cpr . (r+R)CpiCrs .
Nt
S (DORCerCsM o’ RCs2Csr4
n=>5
5 5 5
r(C)(SN) |:Kacpr20pr4/(® ‘DOrCsrler3Csr5):|/A£C)I'
where
A(s) 5 rCq1 +RCy5 4 Csrlcpr4 + cprZCer Cpr2 + Cpr4 1 3
rC =SN+ C RCSN* 2 t 22 SN F
OwgrCer1RCsis C CsrlerS 0°Cy3 0%0yrCs1RCy5
. (rCsrl + RCer)(CprZ + Cpr4) (rcprz + chr4)csr3 2. Cpr2 +Cpra + (Dér(csrl +Cy3+ Csrs) RCprZCpr4 N
3 N SN
0709l Cg1RCy3Cq5 ) worCsrlRCsr3Csr5
(r + R)Cprchr4
@ 0)0rCsrlRCsrscer
5
H! )(SN) |: a(DORCprlcprBCprS/ ) Csrzcsr4 :|/ArLl
where
A(5L) _ SN O(rcprl + RCprS) SN Cpr1 +Cpra Cpr3 +Cprs morcprlRCprS N N
© ®2Csr2 e Csr4 ®2
Cyo+Cq4)C
(,Og |:Cpr1[r + RijI‘S + M(rcprl + RCprS )]Sﬁl +
©) Csrs Cor Cer2Csra
2
+ Cprl(cpr3 + CprS) + Cpr3cpr5 |:1+ ‘”OrcprlR (Csrz + Csr4):| S (Do(r + R)Cprlcpr3cpr5
4 Nt
S Csr2Csr4 @ c:srzcsr4
Table 5. BRF frequency responses
2n=2
2 2
) 2 2, [ogrCyR ) e KaR| 2 2 )2 1
H -1 -1) + ; H = -1 =)+
BRsrC( /J(@N ) ( R N BRprC(mN) r+R‘@N ‘ (@N ) COO(I’+R)CP,1(DN
2n=4
HY (o )_KaR(wz—l)2 o — 24 G wi+1 2+ @MRfc 1 (0)3—(1) )2'
BRyC N/ RN N (r+R)Cpa | rR(TT QB R ) V|
HW (o) = Ka R( 2—1)2 m4—2+& 0)2+12+ @R Cyp + ! (m3—m )2
BRyC \ONJ= 7 RION N (r+R)Cpy N r+R| 2 w3 rCpriR NTEN
2n=6
(6) KaR|( 2 3‘ ®)
Hergc(on)= 70 (0f-1) Mg, c >
where
2
(6) 6 rCs1 + RCyr3 4 2
M on—|3+——" |\oNy— -1+
BRC { N |: (r+R)Cpr2 ( N N)
wp R 2 1 CyiC 1 2
0 5 sr1sr3 3
+ Cs1 +Cyz+—— |lon+on ) 2| Cy +C3 + + oy |
( r+ R) H TR 2 RCyr ]( o) [ T s ol chprzj N}

20



M3Bectua By30B Poccnn. PagnosnekTpoHuka. 2019. T. 22, Ne 3
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 3

Continued of the Table 5

where

6 _)] 6
MBRp,C_{mN

r+R

2
2
Cy1+C 2(Cy1+Ch3)+C
+[m0rRJ {[CS,Z+MJ(Q)?\]+@N)—2{CS,2+ (Cprt +Cora) srz}w?\,}

(6)
HBRprC (on)= r

Mok )/ MBe

2
[l )

(r+R)CpiCpra

2
®q GCrlRCpr3 2(00 I’CprlRCpr3

2n=8

where

(8) 8
MBR .C = {"’N

where

(8) 3
MBR .C= {“’N

4{64—

2
Cpr2 +Cpra CC 3(Cpr2 +Cpra )+ Cyr3
X{[Csrl"'csﬁ +N](mL_®N)_3[Csrl+Csr3 +—oerd ( ) (0)?\,—0)?\1) 5

+{6+

2
C,1+C 3(Cp1 +Cpr3)+C
x {(Csrz +Cqry + MJ(COK‘ — oy ) _ 3|f%r2 +Cyst Csr2Csra + ( prl pr3) sr2 }(@?\1 B (D?\| )}

4
HY, (on) =[KaR/(r +R) (0} 1) / fM‘BS;srC,

a4y rCsrlﬁLRCsrC%_'_ (Csrl+csr3) (m6+w2)+
(r+R)Cps  (T+R)Cpy | "~

2
I’Csrl(chrZ + Csr3 + 2Cpr4) + 2(rcprz + chr4)csr3 0)4 1t 4 (0)0 FRJZ «
(r+R)Cpr2Cprs N r+R

2
g FCpraRCpry 3Cpr2 3wy rChroRCpr4

4+ rCsr2 + RCyra + R(Cqrz +Cyra) (006 Y )+
(r+R)Cps  (r+RICpy | © N

2
2(rcprl + RCpr3)Csr2 + R(2Cpr1 + Cer + 2Cpr3)csr4 (1)4 b+ ((DO IR )2 y
(r+R)CpiCpra N r+R

2 2
@0 "CpriRCora 3Cpr3 30 rCprRCprs

2n=10

where

(10)
MBR .C {

+[10

( r+
+

-4

Csrl + Csr3 + Csr5 +

|
4

Hggc (on)=[KaR/(r+R)]

5
(o1 /B

rcsrl + R(Csrs +Csr5) n r(Csrl +Csr?,)+ RCqrs (m?\l_mf\l)"’
(r+R)Cpyy (r+R)Cppy

2
rCsrl + R(CsrB + Cer) +3 r(Csrl + Csrs) + Rcer + (rCsrl + Rcer)Csr3 (me _ 4 )_1 +
(r+R)Cppy (r+R)Cprq (r+R)CpoCors | " N

C +C
) {[ sr1+csr3+csr5+mj(m?\l+mN)_

®g GCrz chr4

csrl(csr3 + Cer) + (Csrl + Csr3)csr5 4Cpr2 + Csr3 + 4Cpr4 ( 7N+ wSN ) +
4Cpra 4Cpra 4(OO rCpr2RCpra

2
sr1+ Corz + Cyrs + Cort (Cors + Cors) + (Car1 + Cora) Cors 4 ConCorsCars | 3(Cor + Cora) * Csrﬂ ?\1} ;

3Cpr2 3Cprs 6Cpr2Cpra 30§ rChraRCpr4

21



PaavoTexHMYeckre cpeAcTBa NepeAayn, npreMa 1 o6paboTkin cMrHanos
Radio electronic facilities for signal transmission, reception and processing

End of Table 5
5
10 2 10
Hamyc (on) =[KoR/(r + R):I‘(O)N—l) ‘/ /MER)WC :
where
MU0 rCqo + RCqy4 (rcprl + RCprS)(Csrz +Cora) 8 2
BR C -5+ + ((DN —0N ) +
(r+R)Cprs (r +R)CpiCprs
2
+11043 21Csrp + RCyp4 +3 (rcprl + RCprS)(Cer +Csr4) . (rcprl + RCprS)CerCsr4 (0)6 i )_1 N
(r+R)Cps (r +R)CpiCprs (r +R)CpiCpreCors NCON
R rR Cprlcpr3 + (Cprl + CprS)CprS
+ R Csra +Cora + 2 ( N+0)N)
r+ ®g rcprlRCpr3Cpr5
4 |Cyp+Cyy+ Csr2Csra N (4Cprl + Cer)CprS +CprCerg + (4Cprl +Csrp +Cqrg + 4Cpr5)cpr3 (“)Z\l"' 0)?\1 ) N
St St
pr3 4“)(% rCorRCpr3Cprs
2
46 lConic + CSI‘ZCSM 3Cpl’3 + CST4 + 3Cpr5 Csrz (2Cpr3 + Csr4 + chrs) + 2Cpr3 (Csr4 + 3Cpr5) ms
2 4 N
T 3Chs 303rChsRCys 603 FCp1RCprsCprs
(5) (10)
H rc: H BRC
H (10) sr
BR,C r
\
(10)
0.70— \ HBRsrC
N
ALY \ e H
0.35— BR srC \ Hr C
N X
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Fig. 14. Equiripple frequency responses of LPF prototype and BRF (a);
central parts of LPF and BRF frequency responses (b)

Further BRF design with non-equiripple fre-
guency response does not differ from the BPF design
when appropriate replacements of analytical expres-
sions are carried out. This allows the number of de-
signed filter elements having values that diverse
from the standard series to be reduced to zero.

Conclusion. The presented calculation methods
of band filters and provided example demonstrate the

feasibility and practicality of a filter design method
based on solving systems of non-linear equations. In
contrast to approximation approaches to determining
ideal filter frequency response using special func-
tions [14], [15] and tabular filter design [16], the pre-
sented method allows high-order filter calculation for
any initial requirements without using reference data.
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